Purpose: This study aimed to report on our institutional experience in the use of stereotactic body radiation therapy (SBRT) for the treatment of adrenal gland metastases. Specifically, we examined the outcomes and toxicity from this treatment modality on adjacent organs at risk. Methods and Materials: Data were retrieved from patients with adrenal metastases who were treated with SBRT between 2008 and 2017. Patients with primary adrenal malignancies were excluded. Toxicities were graded in accordance with the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.03. Time-to-event rates were calculated from the date of SBRT delivery. Results: In total, 35 patients with adrenal metastases were identified. Four patients were treated for bilateral disease. The median dose was 40 Gy (range, 20-54 Gy) in 5 fractions (range, 1-6 fractions). The median follow-up time was 37 months (range, 14-451 months) from disease diagnosis and 7 months (range, 1-54 months) from the SBRT start date. With death treated as a competing risk event, the cumulative incidence of local failure was 7.6% at 1 year after SBRT and 19.2% at 3 years. The median overall survival (OS) time was 19 months (95% confidence interval, 8-54 months) and tumor size correlated with survival (P = .0006). Patients with metastases <2.9 cm had a median OS of 54 months compared with 11 months for those with adrenal metastases ≥2.9 cm (P = .01). Incidence of grade 2 toxicity was 17% with no case of grade ≥3 toxicity. SBRT did not impact renal function with a mean estimated decline in glomerular filtration rate of only 2.6 ± 8 mL/min/1.73 m 2 compared with baseline. Combined kidneys V5 and combined renal cortex V17.5 did not correlate with a change in estimated glomerular filtration rate (P = .7 and P = .9, respectively). Conclusions: SBRT offers excellent local control for the treatment of adrenal gland metastases with very low toxicity rates and no significant short-term impact on renal function.
Introduction
The recognition of an oligometastatic state between localregional and widely metastatic disease has led to an increasing role of radical-intent definitive treatment for patients who were previously regarded as incurable, particularly as more effective systemic therapies are discovered.
1,2 Data have shown that selected patients with a low burden of metastatic disease may show long-term survival when treated with an aggressive therapy to all sites of disease and especially those with a long disease-free interval between the time of presentation of the primary tumor and the development of metastases. [3] [4] [5] The adrenal gland is a common site for the metastatic spread of many types of solid malignant neoplasm, and adrenal metastases are identified during post-mortem examinations in up to 38% of patients with cancer. These metastases are commonly asymptomatic and present as incidental imaging findings. 6, 7 The most common primary etiologies are non-small cell lung cancer, melanoma, and gastrointestinal tumors and often present synchronously with metastases to other sites. 6 The standardization of treatment follow-up and improved imaging techniques have led to an increasing number of diagnoses of adrenal metastases, especially with the advent of positron emission tomography/computed tomography (PET/CT) scans, which show excellent sensitivity and specificity to differentiate malignant from benign adrenal tumors. [8] [9] [10] [11] For clinically appropriate, oligometastatic patients with adrenal metastases, open or laparoscopic adrenalectomy remains the standard of care and offers long-term (≥5 years) overall survival (OS) rates that range between 22% and 45%. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Percutaneous ablative procedures such as microwave and radiofrequency ablation are also frequently used, and several retrospective series have reported 3-year OS rates >50%. [24] [25] [26] [27] [28] [29] [30] [31] [32] A noninvasive, ablative modality called stereotactic body radiation therapy (SBRT; also referred to as stereotactic ablative radiation therapy) has emerged as a promising alternative option for the local treatment of oligometastatic disease. [33] [34] [35] Preliminary experience with the use of SBRT to treat adrenal metastases demonstrates low toxicity rates with local disease control that ranges between 55% and 95% at 1 year. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] There have been no prospective studies to compare the efficacy of SBRT to adrenalectomy or ablative therapies for the treatment of adrenal metastases.
In this study, we aim to report our institutional experience with SBRT to treat adrenal metastases and examine the short-term impact of this treatment modality on renal function.
Methods and materials

Data collection and study population
This study is a retrospective, single-institution analysis of oligometastatic patients who were treated for adrenal metastases with SBRT between 2008 and 2017. Demographic, pathologic, radiologic, and treatment-related information were retrieved from electronic medical records after approval by an institutional review board. Patients were excluded from this analysis if they were treated for a primary malignancy of the adrenal gland or if follow-up was unavailable or inadequately documented.
Stereotactic body radiation therapy treatments
Treatment simulation was performed on a dedicated PET/ CT simulator that encompassed a 4-dimensional CT scan along with a dual-phase intravenous contrast-enhanced CT and PET image. The gross tumor volume (GTV) was delineated using arterial or venous-phase CT scans with the assistance of the PET/CT images. Four-dimensional CT was used to create an internal target volume to encompass respiratory motion. The planning target volume (PTV) included the GTV or internal target volume plus a 2-to 3-mm expansion. 49, 50 All doses were prescribed to the 95% isodose line. Total dose and fractionation were determined at the attending physician's discretion and dependent on the adjacent normal tissue tolerance as determined by an institutional protocol. For a 5-fraction regimen, the dosimetric liver constraints were as follows: 1) spare ≥700 cm 3 of normal liver from receiving ≥15 Gy; 2) spare ≥500 cm 3 of normal liver from receiving ≥7 Gy; and 3) limit the mean dose to the liver to ≤10 Gy. A V5 <50% of the combined kidneys was recommended. The spinal cord was limited to a maximum dose of 12 Gy. For the bowel, the maximum dose was limited to 40 Gy with V25 <9 cm Due to concerns about accurate targeting and experience gained from pancreatic tumor treatment, respiratory motion management was used whenever feasible. 51 Typically, this technique involved the implantation of a fiducial markers for target localization. Fiducial marker placement was done under CT guidance by an interventional radiologist. If the placement of fiducials seeds was not technically feasible, a free-breathing, volume-inclusive PTV as defined by 4-dimensional CT was used. Cone beam CT and kV imaging was used for image-guidance during treatment.
Toxicity assessment and disease progression
Patients were followed at 3-to 6-month intervals with clinic visits for a physical examination and toxicity assessment. Toxicities were graded in accordance with the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.03. 52 The highest toxicity grade experienced by each patient during or after treatment was recorded. The main concerns with regard to toxicity were acute or late renal function decline and bowel toxicity. The kidneys were analyzed combined for whole kidney and renal cortex toxicity as well as individually for renal hilum toxicity. For whole kidney and renal cortex toxicity, the endpoint was decline of renal function which was defined as a worsening of the estimated glomerular filtration rate (eGFR) whereas for hilum toxicity, the toxicity event was an episode of malignant hypertension. 53 The ) and assessed at baseline as well as 3 and 6 months after SBRT. 54 The lowest post-SBRT eGFR (nadir) was used to compare with baseline eGFR. The analysis of bowel toxicity was based on the contouring of the stomach, duodenum, and individual intestinal loops. Organ-at-risk dose-volume histogram data were exported from the treatment planning software for statistical analysis.
Radiation doses delivered by other than a 5-fraction SBRT regimen were converted to a 5-fraction iso-effective dose using the linear quadratic model (d2 x n2/d1 x n1 = [d1 + α/β1]/[d2 + α/β2]) with an α/β = 2 for renal and α/β = 3 for bowel toxicity assessment. 55, 56 Institutional protocol dosimetric constraints were used for the correlation with treatment toxicity. Accumulated doses took into consideration the radiation doses that were delivered to the abdominal organs at risk from prior treatments within the last 24 months prior to SBRT. The choice to encompass prior courses within the past 24 months was mostly empirical but influenced by evidence that suggested that most of the occult injury induced by a certain dose of radiation is repaired within the first year, with additional recovery between 1 and 3 years from irradiation and dependent on the total prior radiation dose received. 57, 58 Patients were censored for toxicity assessment at the time of disease progression.
Disease progression was assessed by CT imaging that was performed every 3 months in the first year after treatment in accordance with the Response Evaluation Criteria In Solid Tumors version 1.1 or by 18 F-Fluorodeoxyglucose (FDG)-PET/CT using the PET Response Evaluation Criteria In Solid Tumors version 1.0.
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Statistical analysis
Demographic, clinical, and treatment-related characteristics were summarized using means, medians, ranges, and standard deviations as appropriate. Treatment-related toxicities were coded and analyzed as categorical variables. Time-to-event outcomes were summarized using KaplanMeier curves and medians with 95% confidence intervals (CIs) that were calculated using Greenwood's formula. Binary outcomes were analyzed in logistical regression models. Proportions were tested using χ 2 or Fisher's exact tests. Cumulative incidences of local and distant progression were estimated with death treated as a competing risk event. All tests were 2-sided with an alpha level of 0.05 and performed using the statistical software SAS version 9.4 (SAS Institute, Cary, NC).
Results
Patient and treatment characteristics
In total, 35 patients with adrenal metastases were identified. Four patients were treated for bilateral disease with a total of 39 adrenal gland metastases included in this analysis. Most of the metastases originated from non-small cell lung cancer (48%), followed by hepatocellular carcinoma (20%) and other tumors of the gastrointestinal tract (9%). For 28 patients (80%), adrenal metastases were considered metachronous (ie, identified beyond 3 months after the primary cancer diagnosis) with a median interval time of 24 months (range, 2-407 months) between the primary and adrenal metastasis diagnoses. All metastases were FDGavid on PET/CT and the median largest dimension was 2.9 cm (range, 0.7-9 cm).
SBRT was delivered with a volumetric modulated arc therapy technique using 2 coplanar arcs in 35 metastases (90%) and in the remaining 4 metastases (10%) through coplanar or noncoplanar static intensity modulated radiation therapy fields. For 27 metastases (69%), a 5-fraction SBRT regimen was used with a median total dose of 40 Gy (range, 30-50 Gy). Four patients were treated with a single fraction of 25 Gy. The dose conformality to the target was high with a median conformity index of 1 (range, 0.9-1.2) and a median R50% of 4 (range, 3.1-9.1), which represents the intermediate dose spillage outside the PTV (ratio of the volume of the 50% isodose line/PTV volume). As per institutional practice, we limited the SBRT dose gradient inside the PTV to 130% for abdominal organs. In this study, the median homogeneity was 116% (range, 103-133%). No patient received concurrent chemotherapy or targeted therapy while treated with SBRT. Additional patient and treatment characteristics are detailed in Table 1 .
Survival outcomes
The median follow-up time was 37 months (range, 14-451 months) from the time of disease diagnosis and 7 months (range, 1-54 months) from the SBRT start date. Among the 39 adrenal metastases that were treated with SBRT, 3 metastases (7.6%) developed evidence of local recurrence. The first patient received 40 Gy in 5 fractions to a right-sided, 9 cm, lung squamous cell carcinoma metastasis, which recurred 6 months after SBRT. The second patient received a similar dose and fractionation to a 3.8 cm hepatocellular carcinoma metastasis, which recurred within 6 months. The third patient had a 2.2 cm lung adenocarcinoma metastasis treated with 45 Gy in 5 fractions, which recurred 3 years and 7 months after treatment. All 3 metastases were treated with motion management and target localization using implanted fiducial seeds.
With death treated as a competing risk event, the cumulative incidence of local failure was 7.6% at 1 year after SBRT and 19.2% at 3 years. Primary tumor origin, metastasis size, GTV, SBRT doses, and motion management using fiducial seeds were tested for a correlation with local failure rates, but the analysis was limited by the small number of events and no significant correlation was found. After SBRT, 22 patients (63%) presented distant failure to sites other than the treated adrenal gland with a cumulative incidence of distant failure at 1 year of 71% (Fig 1) .
The median OS for the entire population from the date of SBRT treatment was 19 months (95% CI, 8-54 months). Tumor size was found to correlate with OS time (hazard ratio [HR]: 1.546; 95% CI, 1.206-1.982; P = .0006). When dichotomized by median size, patients with metastases <2.9 cm had a median OS of 54 months (95% CI, 7-54 months) compared with 11 months (95% CI, 6-19 months) for patients with adrenal metastases ≥2.9 cm (P = .01). Similarly, GTV also correlated with OS (HR: 1.014; 95% CI, 1.006-1.022; P = .001). Primary tumor origin did not have a significant impact on OS in this series (Fig 2) .
Other clinical characteristics were tested for a correlation with OS such as sex, age, performance status, control of primary tumor site, number of metastatic sites, synchronous versus metachronous metastases, SBRT total dose, and tumor laterality but none of these characteristics demonstrated a statistically significant correlation.
Treatment toxicity
Overall, SBRT treatments were well tolerated with only 6 cases (17%) of acute or late grade 2 toxicity including acute grade 2 nausea (n = 3), grade 2 diarrhea (n = 1), and grade 2 fatigue (n = 2). No case of acute or late grade 3 or higher toxicity was observed. Metastasis size, GTV, SBRT doses, R50%, and fiducial seeds usage had no correlation with grades 1 and 2 toxicity occurrence. Among the 4 cases that were treated for bilateral disease, one was treated due to bilateral tumor recurrence after right and left adrenalectomy. This was the only patient with laboratorial evidence of adrenal insufficiency at the time of follow-up.
After SBRT, 18 patients (51%) presented an eGFR nadir below the baseline level with a mean drop of 9 ± 4 ml/min/1.73 m 2 (range, 2-18 ml/min/1.73 m 2 ) for this group. Seven patients (20%) had no change and 7 patients (20%) had an increase in eGFR after irradiation. The mean decline in eGFR for the entire patient population after SBRT was 2.6 ± 8 ml/min/1.73 m 2 . For 3 patients, post-SBRT eGFR was not available (Fig 3) . Due to the small sample size, we opted to use established constraints for the dosimetric correlation with eGFR change. Only 2 patients (5.7%) had a combined kidney V5 above the dose constraint limit of 50% and no correlation with eGFR change was noted (P = .7). The combined renal cortex was also tested using the V17.5 as a reference and there was no sta- eGFR, estimated glomerular filtration rate; BED10, biologically effective dose calculated with a α/β of 10; R50%, ratio of the 50% prescription isodose volume to PTV volume. a Mean ± standard deviation.
Advances in Radiation Oncology: October/December 2018 tistically significant correlation with eGFR change (P = .9). Because no patient developed malignant hypertension after SBRT, no test for a correlation of renal hilum V23 was possible (Fig 4) . Median serum creatinine did not change after SBRT with a median of 0.9 mg/dL both at baseline and post-treatment. Radiation doses to the adjacent bowel were analyzed against the incidence of acute and late grades 1 and 2 gastrointestinal toxicities but the bowel V25 (P = .4), V30 (P = .6), and V35 (P = .8) were all not correlated with gastrointestinal toxicity rates (Suppl. Fig S1; available as supplementary material online only at www.practical.radonc.org).
Discussion
Over the last 2 decades, evidence has emerged that demonstrates that a low volume of metastatic disease (i.e., oligometastatic state) may predict long-term survival when all sites of active disease are effectively treated. 3, 4 Adrenal metastases are commonly part of this scenario and different treatment modalities have been employed to target adrenal gland metastases. Adrenalectomy is currently the standard of care but many patients are unable to undergo surgery due to poor performance or severe comorbidities. Moreover, in a pooled analysis of 7829 patients who were treated with adrenalectomies, the risk of surgical complications after unilateral and bilateral adrenalectomy was 15% and 23.4%, respectively, and patients who were treated for a malignant tumor showed a higher risk of complication (23% vs. 13%; P < .0001). 61 Percutaneous ablative therapies such as radiofrequency, microwave, and cryoablation have also been used to treat adrenal metastatic tumors with local control rates for the primary procedure that range between 67% and 88% at 1 year. 27, 32 Catecholamine surges with consequent blood pressure elevation and post-procedure pain are common with ablative procedures. 24, 29 In a study of 64 adrenal metastases that were percutaneously ablated, 43% presented with hypertensive crisis (ie, acute increase in systolic blood pressure >180 mmHg or diastolic blood pressure >110 mmHg) despite the use of α-adrenergic blockade before the procedure in 14 metastases (19%). One case of ventricular tachycardia was reported, 2 cases of atrial fibrillation, and 4 cases of troponin elevation, which implies cardiac injury. 62 Interestingly, no case of hypertensive crisis occurred in tumors that were previously irradiated. In another study of 58 patients with 60 adrenal metastases that were treated with thermal ablation at the Mayo Clinic (Rochester, MN), hypertensive crisis occurred in 47% of patients despite the use of α-adrenergic blockades before the procedure. Furthermore, 76% of all patients needed intravenous antihypertensives or vasopressors to maintain adequate blood pressure during the ablative procedure. SBRT is a noninvasive alternative treatment modality for adrenal metastases that has shown very low toxicity rates with grade 2 toxicity that ranges from 0% to 15%. Furthermore, due to its biologic mechanism of action, SBRT is not associated with catecholamine surges and able to preserve adrenal function in some cases of bilaterally treated adrenal tumors. 64 Beyond showing low toxicity, SBRT has demonstrated equivalent or superior local control rates compared with percutaneous ablative therapies in many studies. [37] [38] [39] 41, 42, 44, 46 In a series of thermal ablation of adrenal metastases that included 71 patients, 23 treatments failed at 1 year when considering only the primary ablative procedure, which resulted in a local control of 67.6%. 32 A comparison of outcomes between image guided ablation and SBRT studies can be seen in Table 2 .
The local control rate at 1 year in our series was 94.3%, which compares favorably with the results from recently published SBRT studies. 44, 45, 47, 48 In a retrospective analysis from the MD Anderson Cancer Center of 49 adrenal metastases that were treated with hypofractionated radiation therapy with a median of 10 fractions, the 1-year local control was 74% and no case of grade ≥3 toxicity was observed. In their series, 3 of 6 cases that were treated for bilateral disease presented with adrenal insufficiency at 6 weeks, 4 months, and 7 months after treatment. 48 In our series, no acute or late impairment of adrenal function was observed that could be attributed to SBRT.
Retrospective studies have reported renal functional compromise after SBRT that was directed to the kidneys and pancreatic tumors, but to our knowledge, this is the first study to address renal function decline after SBRT that targets the adrenal glands. [65] [66] [67] [68] Siva et al. analyzed 21 patients with renal cell carcinoma who were treated with SBRT and assessed the eGFR through 51 Cr-EDTA and 99m Tc-DMSA SPECT/CT images. 65 The researchers reported a mean eGFR drop of 3.2 ± 14.5 ml/min/1.73 m 2 at 3 months and identified a dose-response relationship between eGFR change and SBRT doses. 65 In the current series, a mean drop of 2.6 ± 8 ml/min/1.73 m 2 was observed at 6 months post-SBRT, which is insignificant when considering that eGFR reference ranges are between 90 ml/min/1.73 m 2 and 120 ml/min/1.73 m 2 and that the physiologic variation of a patient's serum creatinine between different measurements is approximately 6%. 69 This study presents some limitations including its retrospective design, single-institutional analysis, small sample size, and short median follow-up time. Also, the renal function assessment was based on clinical parameters that have considerable inter and intraindividual variability. Moreover, patients with cancer are particularly prone to fluctuations of renal function due to changes in hydration status and the use of several nephrotoxic drugs.
Conclusions
This study demonstrates that treatment of adrenal metastases with SBRT is associated with excellent local control and very low toxicity rates, which is an interesting alternative to image guided ablative procedures. Furthermore, our analysis suggests that adrenal SBRT has minimal, if any, significant impact on renal function. Further studies with a larger patient population are needed to confirm these findings.
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